Wolfgang Zink, MD, PhD; Michael Kaess, MD; Stefan Hofer, MD; Jens Plachky, MD; York A. Zausig, MD; Barbara Sinner, MD; Markus A. Weigand, MD, PhD; Rainer H. A. Fink, PhD; Bernhard M. Graf, MD, PhD N euromuscular dysfunction is a well recognized complication in critically ill patients being hospitalized in the intensive care unit (ICU) for more than 1 week, with a prevalence estimated to be as high as 80% (1, 2) . Generally, ICUacquired neuromuscular abnormalities are supposed to be reversible, and can be divided into two discrete classes: polyneuropathy and polymyopathy (3, 4) . Recent clinical studies revealed that these two entities commonly coexist, with myopathy being the most common cause of weakness (5, 6) . Clinically, muscles are flaccid and deep-tendon reflexes are absent, although spastic quadriplegia and isolated limb weakness have been described. Muscle atrophy may also occur, which frequently is more severe than expected from the degree of immobilization alone (7, 8) . In this respect, weaning failure is a common presentation of ICU-acquired myopathies, and consequently, these disorders are associated with prolonged duration of mechanical ventilation, increased length of stay, higher costs, and higher mortality (6, 9) . Although complete recovery from acquired muscle weakness can occur within a few weeks, many patients need intensive rehabilitation to reduce handicaps and achieve optimal autonomy (9) .
Next to high-dose corticosteroid therapy, long-term administration of neuromuscular blocking drugs and immobilization, systemic inflammatory response syndrome (SIRS), sepsis, and multiorgan failure appear to be important risk factors for the development of muscular weakness (5, 7, 10) . Thus, it has been proposed to consider these disorders as independent "organ failure," caused by inflammatory mediators that are either systemically or locally produced in SIRS and sepsis. Nevertheless, basic pathomechanisms of acquired muscular weakness in critically ill patients are sill not understood in detail. Histologic studies show macrophage and T-cell infiltration in skeletal muscle tissue as well as an overexpression of both pro-and anti-inflammatory cytokines (11, 12) . During sepsis, the ubiquitin-proteasome-cascade is activated, a key intracellular proteolytic pathway enhanced by corticosteroids, and serum from septic patients exhibits marked effects on skeletal muscle membrane excitability and contractility (11) (12) (13) . However, very little is known about changes in intracellular Ca 2ϩ -homeostasis (13, 14) . As this is an important premise for regular muscle function, it was the aim of this study to investigate changes in intracellular Ca 2ϩ -regulation by the sarcoplasmic reticulum (SR) and Ca 2ϩ -sensitivity of the contractile apparatus in murine skeletal muscle fibers during sepsis. Furthermore, we wanted to 
MATERIALS AND METHODS
After Institutional Animal Care Approval, female "black six"-mice (body weight 20 -22 g) were randomly assigned to three different study groups: In the first group, sublethal sepsis was induced using cecal ligation and puncture (CLP) (15, 16) . In the second group, the animals were sham-operated (SHAM), and in the third group, mice only obtained general anesthesia (GA). In order to assess changes in intracellular Ca 2ϩ -regulation in the course of time, we examined saponin-skinned skeletal muscle fibers 2, 3, 5, and 7 days after initial treatment (17) . As control, skeletal muscle function of untreated mice (preop) was assessed.
Cecal Ligation and Puncture. Sepsis was induced by cecal ligature associated with needle perforation as described by Wichterman (16) . By adjusting the length of ligated cecum and using only a single puncture, this model was adapted to our purpose to obtain a mild sublethal sepsis and not an acute one, which can kill the mice in a few hours. Nevertheless, mortality still was as high as 15% after treatment, and consequently, additional animals had to be treated in order to examine the required number of subjects at each time point.
Mice were anesthetized by intraperitoneal administration of 75 mg/kg ketamine and 16 mg/kg xylazine hydrochloride in 0.2 mL saline. The cecum was exposed through a 1.5 cm abdominal midline incision and was subjected to a ligation of the distal end followed by a single puncture with a 23-gauge needle. A small amount of stool was expelled to ensure patency. Subsequently, the cecum was replaced into the peritoneal cavity and the abdominal incision was closed with 5/0 thread. Finally, 1.5 mL of normal saline was intraperitoneally injected to supply fluids. No antibiotics were administered (15) . In sham-operated mice the cecum was mobilized, too, but neither ligation nor puncture was performed. Postoperatively, animals of all groups were housed in university facilities, received .05-.1 mg/kg buprenorphine subcutaneously for pain therapy every 6 -8 hrs, and were given food and water ad lib. Normal saline (60 ml/kg/d) was administered subcutaneously to maintain fluid volume status. At predefined time points, mice were exposed to carbon dioxide for 3-4 mins before being killed in deep anesthesia by cervical dislocation. In the CLP group, the abdominal cavity was explored, showing bloody and murky fluid. Microabscesses were apparent on the surface of bowel and liver. Additionally, septic mice failed to gain weight, showed hair erection, hyperexcitability, and restlessness in locomotion. However, these findings were most pronounced 2-3 days after sepsis induction, and were not present in animals of the SHAM and the GA group, respectively.
Saponin-Skinned Skeletal Muscle Fibers. The fast-twitch extensor digitorum longus muscle (EDL) was dissected and stored in paraffin oil at 4°C. Subsequently, a fiber bundle consisting of 1-3 single muscle cells (diameter between 70 -150 m) was isolated by blinded examiners and glued to a force transducer (AE 801, SensoNor A.S., Horten, Norway) and an adjustable pin. Analyzing the diffraction pattern of a helium-neon laser beam the sarcomere length was adjusted to 2.6 m (17). The ionic concentrations of the experimental solutions are summarized in Table 1 ]. These measurements were carried out with and without caffeine, respectively.
Three fiber bundle preparations per animal were examined at each time point. At the beginning of each experiment, the muscle fiber preparation was placed in the skinning solution for 5 mins. Then, the fiber was dipped for 5 secs into the RS to unload the SR, for 5 sec into the HRS, and for 2 mins into the LRS for equilibration. Then the fibers' SR were loaded with Ca 2ϩ for 1 min in the LS, and subsequently, the preparations were dipped into the HRS for 5 secs before transferring them again into the LRS for 2 mins. In the following, the fibers were exposed to the RS, and the force transients induced by 10 mM caffeine were recorded. Finally, maximal force transients were measured in the HAS at 24.9 M Ca 2ϩ . As saponin skinning may reduce the Ca 2ϩ loading capacity of the SR and to control the permeabilization procedure of the fibers, the initial caffeine release had to be at least 30% of maximal force; otherwise the preparation was discarded. To analyze data, all force transients were normalized to the corresponding maximum force at 24.9 M Ca 2ϩ . At the end of the protocol, individual [Ca 2ϩ ]/force-relations were assessed at different Ca 2ϩ concentrations without any addition, and in the presence of 10 mM caffeine. [Ca 2ϩ ]/force relations were quantified by fitting a Hill curve to the measured data points (19) . Each curve is characterized by the Hill coefficient (n) as an indicator of maximal steepness of the sigmoid graph, and the pCa 50 value (negative decadic logarithm of [Ca 2ϩ ] at which isometric force is half maximal) as an indicator of Ca 2ϩ sensitivity of the contractile apparatus. For each fiber, the characteristic n-and pCa 50 -values were used to mathematically transform force transients into free myofibril Ca 2ϩ transients according to an algorithm by Uttenweiler (20) .
Statistical Analyses. For statistical analysis, we applied the Kolmogorov-Smirnov test to confirm normal distribution for each group, one-way analysis of variance and the Bonferroni Student's t-test whereas p values Յ0.05 were considered significant. All data are presented as mean Ϯ SD. 
RESULTS
Isometric Force. Five animals were examined per group at each time point. Changes in caffeine-induced relative isometric force transients are shown in Figure  1 . In the CLP group, transients were significantly reduced over 5 days from .69 Ϯ .11 (preop) to .46 Ϯ .12 (day 2), .34 Ϯ .16 (day 3), and .55 Ϯ .05, respectively. After 7 days, however, force transients increased again to .65 Ϯ .13, with no statistically significant differences in comparison to control values. In the SHAM group, caffeine-induced force transients were significantly decreased only at day 2 (.04 Ϯ .08 M), and recovered in the following time to .63 Ϯ .13 (day 3), .66 Ϯ .12 (day 5), and .67 Ϯ .06, respectively. In the GA group, however, no significant changes in caffeine-induced relative force transients were observed at named time points. 
DISCUSSION
As basic pathomechanisms of sepsisrelated muscular weakness are not revealed in detail, the present study was carried out to investigate changes in intracellular Ca 2ϩ -regulation in skeletal muscle fibers. We found that Ca 2ϩ -release was reduced and that Ca 2ϩ -sensitivity of the contractile proteins increased in parallel. Nevertheless, force transients, the resulting "net effects" of both Ca 2ϩ -release and -sensitivity, significantly decreased. Interestingly, all these changes were reversible, and their extent was obviously related to the severity of sepsis, being most pronounced at its climax 2-3 days after CLP and even absent after "clinical" recovery of the mice. Comparable changes were also seen in the SHAM group, but to a significantly smaller degree. In the GA group, however, Ca 2ϩ -regulation and sensitivity remained unimpaired.
Significant muscular weakness frequently occurs during SIRS, sepsis, and multiorgan failure, and is considered to be an important risk factor for weaning failure, delayed mobilization, and thus, prolonged ICU treatment (4, 21) . In this respect, various mechanisms have been identified to contribute to muscular dysfunction, ranging from bioenergetic failure and mitochondrial dysfunction to inflammatory mediator-related proteolysis, hormonal dysregulation with glucose toxicity, channel dysfunction, and membrane inexcitability (6, 7, (11) (12) (13) (14) 22) . As an impaired intracellular Ca 2ϩ -regulation may also be involved, the present study focused on this topic combining two experimental techniques: In a first step, CLP was applied in mice as it is one of the most widely used approaches to examine effects of sepsis (15, 16, 23) . This model is polymicrobial, has focal infec- tion origins, produces septicemia, and releases bacterial products into the periphery. It also can produce a full spectrum of sepsis severity, ranging from acute and fatal to chronic, which enables a wide range of experimentation (15). Thus, it was possible to tailor the severity of sepsis in order to ensure survival for at least 7 days in approximately 85% of the animals. However, disparities in murine vs. human physiology may place some restrictions on the use of CLP (15) . In a second step, we examined chemically skinned mammalian muscle fibers to obtain direct information about sepsisrelated changes in intracellular Ca 2ϩ -regulation. In this well established model-which has been widely used to determine specific drug effects on intracellular Ca 2ϩ -homeostasis-isometric force transients are measured and mathematically transformed into corresponding Ca 2ϩ -transients (17, 19, 24) . Several studies on intracellular Ca 2ϩ -distribution using fluorescence microscopy and digital image analysis have shown that due to the fast Ca 2ϩ binding kinetics of troponin C, the time course of caffeine-induced force transients occurs under quasi steady-state conditions for intracellular Ca 2ϩ -levels and force (25, 26) . Nevertheless, it has to be mentioned as methodologic limitation that intracellular Ca 2ϩ is not directly determined, but only interfered with mechanical responses (20) .
Several mechanisms have to be discussed that potentially alter intracellular Ca 2ϩ -homeostasis and thus may result in reduced fiber contractility (7). Muscle contraction is the result of numerous subcellular events, ranging from membrane excitation, intracellular Ca 2ϩ -release, and subsequent rises in myoplasmic Ca 2ϩ , to the initiation of ATP-dependent crossbridge cycling. Consequently, impairment of this cascade at any level inevitably results in muscle weakness as a common symptom. Despite good evidence for reduced membrane excitability during sepsis, observed changes in Ca 2ϩ -homeostasis cannot be the result of sarcolemmal dysfunction, as outer membranes were perforated and entirely out of function in skinned fiber preparations (13, 27, 28) . In consequence, excitation-contraction coupling must be disturbed at a "lower" subcellular level. In this respect, caffeine is known to activate ryanodine receptors of the SR membrane, initiating the outflow of Ca 2ϩ (19, 24) . Thus, the functional and/or structural integrity of these release channels is suggested to be impaired during sepsis (29) . As known from septic cardiomyocytes, decreased Ca 2ϩ -release could also be the result of a reduced loading capacity or an increased leakage of the SR, respectively (14, 30, 31) . Ca 2ϩ -ATPases of the SR membrane physiologically ensure rapid Ca 2ϩ -reuptake after muscle contraction and are responsible for an adequate "loading" of the SR in our model (24) . The proper function of these channels mainly depends on sufficient ATP supply and adequate levels of free intracellular Ca 2ϩ . As our experiments were carried out with an overshoot of ATP and constant "intracellular" Ca 2ϩ (defined by the composition of experimental solutions), either an impaired function or a reduced number of the channels may have contributed to decreased fiber contractility. Finally, sepsis-induced protein degradation and increased cytokine levels may have an effect on structural and functional integrity of the contractile apparatus (32) (33) (34) . In contrast to former studies, however, we found that Ca 2ϩ -sensitivity of the contractile apparatus was temporarily increased, which might be a physiologic attempt to compensate reduced Ca 2ϩ -release (35) . As we examined myocytes of the EDL, which is primarily composed of fasttwitch fibers, it remains unclear whether comparable changes in Ca 2ϩ -homeostasis also occur in slow-twitch fibers. In this respect, it has recently been shown that the two fiber types exhibit different responses to sepsis and other pathophysiological conditions, especially in terms of protein breakdown (36, 37) . However, most mammalian muscles consist-to different parts-of both slow-and fasttwitch fibers, and interestingly, the contractile function of different muscle types (e.g., respiratory and limb muscles) were similarly compromised during sepsis in vivo (36, 38) .
In conclusion, the present study suggests that an impaired intracellular Ca 2ϩ -regulation by the SR contributes to the decreased contractility of striated myocytes during sepsis. Due to methodologic limitations of our experimental approach, underlying subcellular mechanisms still have to be defined in detail, but it is strongly supposed that next to a dysfunction of SR membrane channels a reduced loading capacity of the SR is involved. Thus, we suggest that these results reveal an additional pathway contributing to the multifactor pathogenesis of sepsis-related muscular weakness and warrant further investigations (e.g., in transgenic mice) to get a closer insight in subcellular mechanisms.
